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Abstract

The prevalence of converter-interfaced power sources in the power grids of both civilian and
military systems is increasing due to technological improvements in power conversion and chang-
ing requirements in system loads. In the civilian sector this increase in prevalence is driven in
part by the increasing attractiveness of renewable and small-scale alternatives to the terrestrial
power grid that has traditionally powered homes, offices, and facilities. In the military, power
conversion is being integrated primarily because it is receptive to automatic control and allows
more manipulation of power distribution. The development of high-power pulsed loads on naval
platforms, such as the Laser Weapon System (LaWS) and the electromagnetic railgun, calls for
the ability to rapidly and drastically change the allocation of power in a system that contains
many other loads. The increased penetration of converter-interfaced sources has led to the emer-
gence of a new control problem: the synchronization of parallel-connected, converter-interfaced
AC sources. The electromechanical drives that have traditionally dominated power systems have
physical properties and operating dynamics that naturally aid synchronization. In power sys-
tems that feature a high penetration of converter-interfaced sources, the dynamics of which are
determined directly by control rather than by their physical properties, the task of synchroniza-
tion must be accomplished through control. Existing solutions to this control problem typically
require an overlying communication network between converters to perform optimally. Because
a centralized communication network introduces a single point of failure into the power system,
it would be advantageous if synchronization could be satisfactorily achieved without it. A new
method of synchronizing parallel-connected converter-interfaced power sources, which involves
controlling converters to emulate the dynamics of a nonlinear dead-zone oscillator, may provide
this advantage. This method, termed Virtual Oscillator Control (VOC), was previously tested
and validated for networks of single-phase, voltage-source power converters and supported in
simulation for networks of three-phase, voltage-source inverters. The effectiveness of VOC in
the control of three-phase grids was here validated through hardware experimentation. Addi-
tionally, VOC was extended to implementation with current-controlled inverters, which are very
prevalent in power systems because of their enhanced safety and circuit-protection features.
The hardware validation and performance evaluation of VOC applied to networks of parallel-
connected, three-phase, current-controlled inverters is here detailed.

Keywords: power converters, virtual oscillators, inverter synchronization, converter control,
inverter control, microgrid
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1 Introduction

The ever-increasing energy demands of individuals, industry, and nations have historically been
satisfied in large part by the expansion and improvement of geographically enormous terrestrial
power grids. Such grids primarily utilize electromechanical power sources, such as large natural gas
or steam turbines. The interaction between such power sources when they are electrically coupled
to provide power simultaneously to a common load is determined by the physical and electrical
properties of the machines themselves, and also by those of the grid to which they are connected.
Methods of integrating and controlling such power sources to provide power to a common load
are well-formulated. Recently, however, pockets of society, industry, and national infrastructure
have begun to move toward the use of smaller grids that generate and distribute power from re-
newable resources over a relatively small geographical area. Along with an increased prevalence
of renewable resources comes greater penetration of power-conversion technology to convert the
power produced by renewables into a form acceptable for consumption. The desired behaviors of
converter-interfaced systems are the same as those of the legacy power grid, but achieving them is
more difficult.

In general, we desire parallel power sources to provide power in proportion to their ratings, such
that a low-capacity source provides less power than a high capacity source. In alternating-current
(AC) systems, another important performance requirement is that parallel power sources be syn-
chronized so that they work in concert to provide power to their common load [1]. Synchronization
is illustrated both negatively and positively in Figure 1. Load-sharing and synchronization are
relatively easy to achieve in systems of coupled electromechanical generators because the dynam-
ics of those machines are naturally conducive to the desired behaviors. It is less straightforward
to achieve the same behavior in systems of parallel, converter-interfaced sources because the dy-
namics of converters are determined almost entirely by control rather than by their electrical and
physical properties. The dynamic manipulability of power converter dynamics therefore presents
both opportunity and challenge, the freedom to define source dynamics being balanced by the loss
of natural electromechanical properties that previously facilitated load-sharing and synchroniza-
tion [2, 3, 4]. Control methods that ensure synchronization and load-sharing in AC power systems
of parallel-connected inverters (converters that produce an AC output) have traditionally involved
controlling the inverters to emulate electromechanical generator dynamics. One example of this is
called droop control [5].

An emerging family of control methods involves controlling inverters to emulate the dynamics of
various virtual oscillators, the dynamics of which differ from those of electromechanical generators
and potentially offer performance benefits [6, 7]. This general method is called ” Virtual Oscillator
Control” (VOC). One member of the VOC family is Dead-Zone Oscillator (DZO) control, which
entails controlling inverters to emulate the dynamics of the nonlinear DZO.

DZO control was formulated for voltage-source inverters (inverters that modulate their switch-
ing patterns such that their output voltages follow a reference signal), and previously has only been
implemented with voltage-source inverters. However, current-controlled converters are more com-
mon today because they facilitate output-limiting for safety and circuit protection. DZO control
has previously only been experimentally validated for single-phase inverters (inverters that have
one power output), but many power systems today utilize three-phase power sources (sources which
have three power outputs which are phase separated by 120°). This paper attempts to facilitate the
deployment of DZO control by extending it to current-controlled inverters, demonstrating a load-
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Figure 1: From top to bottom: Two illustrations of waveforms that are not synchronized and one
of waveforms that are synchronized.

sharing adjustment method unique to DZO control of current-controlled inverters, and validating
its effectiveness in three-phase systems through hardware testing for the first time.

2 Previous Work

Dead-Zone Oscillator (DZO) control is a member of the virtual oscillator control family that
entails controlling inverters to emulate the dynamics of a nonlinear DZO. The primary performance
benefits of DZO control are the communicationless synchronization of parallel-connected inverters
and multiple practical methods by which to control load-sharing. In [8], DZO control was presented
as a novel way to synchronize single-phase systems of parallel-connected voltage-source inverters,
and a method was developed to control load-sharing between inverters by altering the impedances
of their physical output filters. In [5], DZO control was experimentally validated in a single-phase
system and sufficient conditions for the self-synchronization of parallel inverters were derived. The
extension of DZO control to a three-phase system of parallel-connected voltage-source inverters
was introduced and simulated in [9], and a method of controlling the relative power contribution
of inverters by altering their current feedback gains was introduced.

2.1 The Dead-Zone Oscillator

The nonlinear dead-zone oscillator (DZO) is a mathematical construct used to describe the be-
havior of several real-world systems that are observed in fields ranging from biology, physics, and
chemistry to social networks [10]. The electrical circuit-equivalent of the Dead-Zone oscillator is
shown in Figure 2 [8].

The voltage-dependent current source g(V,s.) in Figure 2 is the source of the DZO’s nonlinear
dynamics, and has characteristics described by Figure 3 and (1) [8]:

g(V;)sc) = f(‘/osc) — Vs (1)

Where o is a parameter of f(Vys.), the dead-zone function and namesake of DZO control, which
is described by Figure 4 and (2) [8]:
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Figure 2: An electrical model of the nonlinear dead-zone oscillator. The symbols labeled R, L,
and C, represent an electrical resistor, inductor, and capacitor, respectively. Terms that include I
represent electrical currents, and V terms represent electrical voltages.
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The dead-zone oscillator is thus a nonlinear dynamic system of two states: The inductor current
17, and the DZO terminal voltage V,s.. The dynamics of the dead-zone oscillator are summarized
by (3) and (4) [8]:

dVopse 1 1

dt = 5 V;)sc(o' - E) - f(‘/;)sc) — 1L — %osc (3)
dig, 1
E - ZVoscv (4)

The dynamics of the DZO as described in (3) and (4) are straightforward to compute as a
first-order state model of V. and iy, with input i,s. and output Vis.. In [8]-[9], Vos. is scaled to
create a control signal that causes a voltage-source inverter to emulate DZO dynamics. (3) can be
algebraically changed to (5), such that the input to the DZO state model is V,4. and its output is

losc:



R dt (5)

. . ‘/vOSC d‘/;)SC
losc = _g(%sc) — L — C

When (5) is evaluated instead of (3), the state model output i,s. can be used as the reference
signal for a current-controlled inverter. However, (5) is difficult to accurately evaluate for real
systems because channel noise makes differentiating Vs prone to significant error. Thus, it is not
straightforward to generate a control signal for a current-controlled inverter directly from the DZO
model of Figure 2.

2.2 DZO characteristics

The dynamics of the DZO, both in isolation and when coupled to other oscillators, is determined
by the values of R, L, C, ¢, and o. Significant work was dedicated in [8]-[9] to determining
how the selection of these parameters affects DZO dynamics. It was shown in [8] that V. for
a DZO with nothing connected to its terminals, such that i,s. = 0, converges on a unique and
stable limit cycle if o > %. Convergence of Vs, to a unique and stable limit cycle means that
the voltage will reach a steady-state AC oscillation, though not necessary a sinusoidal oscillation,
at a frequency approximately equal to the natural frequency of the DZO’s parallel RLC circuit:
1/VLC. Tt was also shown in [8] that the limit cycle of V,4. approached sinusoidal oscillation when
VL/C(oc —1/R) < 1. Thus, the parameters of a DZO can be selected such that it functions as a

sinusoidal AC voltage source.

2.3 DZO control of voltage-source inverters

DZO control of a voltage-source inverter entails scaling the oscillator voltage V,s. by v to produce
the commanded inverter terminal voltage V; [8]. The simulated DZO is driven by the real current
measured at the inverter output, Ir, scaled by ¢.

Vi = VUpsc; (6)
lose = L. (7)

The controller simulates (3) and (4), converting the measured I to the DZO state model input
ipsc and extracting the terminal voltage v,s. as outlined in (6) and (7). This control process is
illustrated in Figure 5. When inverters are parallel-connected under DZO control the output cur-
rent of the k" inverter is determined by Vi, Fsk, and Vg, the voltage on the system’s load. The
inverters self-synchronize due to the dependence of each current I on the shared grid voltage.
Load-sharing between inverters is accomplished through the dependence of each inverter current
Ir ), on its own output filter impedance Fi ;..

A sufficient condition for the synchronization of any number of parallel-connected inverters
under DZO control was derived in [5]:

-1 . .
V) Z Z
(v 31 F,R.(JW) OSC(J‘{) o<1 (8)
(U/) ZF,R(]W) + Zosc(.]w) 2
Where Z,s. is the impedance of the DZO’s resonant RLC circuit and Zg g is a linear reference
filter impedance to which any k* inverter’s output impedance is constrained to be proportional by
a factor of ﬁgl. In this case, computing Fj j involves calculating the current through the output

sup
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Figure 5: To exercise DZO control of a voltage-source inverter, the measured inverter output current
is scaled by ¢ to produce the virtual DZO current 7,s. and V. is scaled by v to produce the inverter
reference voltage.

impedance of the k" inverter, which is given by /i,?lZ F.R-

It is also demonstrated in [8] that the relative power contributions of synchronized inverters
under DZO control are related to the relative output impedances of the inverters as stated in (9):

Py _ K _
P Vk,j=1..N (9)
Parallel voltage-source inverters controlled as illustrated in Figure 5 with DZO parameters that
satisfy (8) are guaranteed to synchronize if both DZO simulation and voltage-source control are
much faster than the fastest system dynamic. Under DZO control and subject to these conditions,
the relative power contributions of inverters can be altered by changing their output impedances
according to (9) [8]. Attaining the result of (9) for parallel voltage-source inverters requires phys-
ically changing the filter impedance at the output of an inverter. The relative power contribution
of an inverter under DZO control can also be altered by changing ¢, as developed in [9].

2.4 Extension of DZO control to three-phase systems

In [9], a method of applying DZO control to three-phase voltage-source inverters was presented.
This method involves simulating DZO dynamics on just one phase of each inverter, and using the
inverse-a8 coordinate transform to generate a three-phase control signal based on V,4. and iy, of
the DZO. The inverse-a5 coordinate transform can be summarized as the matrix multiplication of
two signals, f, and fg, to generate signals fa, fp, and fc. If f, and fg are orthogonal signals and
|fal = |fsl, then fa, fB, and fc form a balanced three-phase set of signals as in (10) [11].

0 V;,A = vVose
%SC
V3
2 L.
=y
3 C
_\2[ Vie = Vial — 240°

V= Vig = Viad = 120° (10)




If the DZO parameters are selected such that it oscillates in an approximately sinusoidal limit
cycle as described in Section 2.2, then a set of balanced three-phase reference voltages can be
generated from V,4. and iy, of each inverter’s simulated DZO by applying the inverse-af transform.
Note that Vi is “fed-through” the af transformation such that V; 4, the voltage reference for the
inverter’s A-phase, is controlled to emulate the simulated DZO dynamics in the same manner as
was described for single-phase inverters in (6) and (7). Three-phase DZO control exercised in this
way is identical to the single-phase case, except that there are two additional outputs, V; g and
Vi,c, which depend on the same simulated oscillator.

3 Current-Controlled Equivalent of A Voltage-Source Algorithm

DZO control was developed in [8]-]9] for application to voltage-source inverters, but current-
controlled inverters are more prevalent in power systems because they are capable of implementing
protective output current limits in the case of short circuits. DZO control would be far more viable
as an alternative to existing control solutions if it could be simply and cost-effectively extended to
current-controlled inverters. This is true not only for DZO control, but for any converter control
method that assumes voltage-source converters. A general method of extending voltage-source con-
trol algorithms to current-controlled converters is therefore developed. This method is subsequently
used to apply DZO control to current-controlled inverters.

3.1 Converter Model

The primary difference between voltage-source and current-controlled converters is how the switch-
ing patterns of either are controlled: Voltage-source converters track a reference voltage signal and
current-controlled converters track a reference current. The ideal version of either type of converter
is modeled as a source, where the switching dynamics are neglected and the output is always exactly
equal to the control input.

A typical voltage-source converter is shown in Figure 6. The semiconductors are shown as ideal
switches. The voltage at the output of the inverter bridge is V;, and current is measured at that
location. The converter has an output filter with an inductor and a parallel capacitor, which is
sometimes omitted depending on filtering requirements. The “Grid” component G reflects every-
thing else in the system: impedances, loads, and other inverters. It establishes a voltage Vi based
on the injected current and activity in the rest of the system. While a single-phase inverter is shown
here, other switch configurations can create three-phase inverters as well [12].

This system can be simplified by assuming the switching dynamics are fast enough to be ne-
glected and treating the inverter bridge as an ideal voltage source [12]. The inductor or any series
output filter element is reflected in the system Fys which takes voltage drop V; — V5 as input and
calculates a current. The output capacitor or parallel filter elements are lumped into the grid sys-
tem, now denoted G’. Figure 7 is an example of such a system with closed-loop PI control of the
ideal voltage source.

3.2 Voltage-source analysis

Stability analysis of a DC or AC interconnected converter system includes assumptions about
three elements: the controller dynamics, the grid impedance and interconnections seen from the
voltage source, and the switching dynamics, which are fast and often neglected [12]. The controller
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Figure 6: General model of voltage-source converter

dynamics operate in software as C'(Ir) and assign a voltage based on the measured output current
Ir. The output filter system Fy uses the voltage drop to produce a current. Note that all the
components C, F, and G may be nonlinear [12]. The basic equations are thus

Vi=C(IF). (11)
Ir = Fy(V; = Vg) (12)
Ir = Fy(C(Ir) — Gi(I,u1-n)) (13)

where the nonlinear Fj in (12) becomes a simple impedance calculation in the linear case.

3.3 Current-controlled equivalent

To change the analysis for a current-controlled version, we assume an arbitrarily fast PI (or simi-
lar) current control loop has been designed to enforce a desired output current by varying the bridge
output voltage. The grid impedance seen from the terminals of the converter must be bounded
[12]. Current-based control requires some ability to modulate output current and will not function
with an open circuit. This condition can be satisfied with a parallel-connected filter capacitor as
in Figure 6 even if the grid interface to the converter terminals G is unconnected [12]. For an
ideal current-controlled converter this would remove the effects of F on current as it is within the
closed-loop portion. However, we can simulate the effects of any F), in software, as shown in Figure 7.

We take the controller output V;/, and subtract the measured terminal voltage Vi to create the
voltage difference needed to calculate output current with F7.. This current is then fed back as
the current command I.. Assuming the current controller is very fast and well-tuned, a singular
perturbations argument allows us to treat it as a current source so that Ir matches exactly the
desired I} [12]. We can then replace the closed-loop current controller with a current source for
analysis, as in Figure 8.

For a voltage-source model, the output impedance includes the series output filter of the inverter
Fy in Figure 7, which is a physical hardware component. For the current controlled version, the
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Figure 7: A sufficiently fast closed-loop PI controller on the output of the voltage-source inverter
can effectively turn it into a current-source inverter.
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Figure 8: A current-controlled inverter with a sufficiently fast PI loop can enforce any I7.. Thus,
given a simulated output voltage V/, it can enforce any F}(V/ — V7). Note that when F§ # Fj, in
general V! # V.

physical output filter impedance is neglected due to the ideal current control loop, but a simulated
filter impedance is included in the controller dynamics. This makes the full system analysis identical
to the previous case, except one component is now virtual rather than real. This leaves our modified
System:

Vi =C(Ip) (14)
Iy = F{(V] = Vg) (15)
Iy = Fg(C(IR) = Gj(I,u1-n)), (16)

with the simulated or virtual quantities denoted by primes [12]. Thus, for F. = F, the system
dynamics are identical to the voltage sourced case, except the filter dynamics F! are simulated.
This method makes no assumptions about linearity or AC vs DC operation. The main underlying
assumption is that the current loop is stable and much faster than other dynamics such that I
converges to I.. A necessary condition for this assumption is the effective grid impedance seen
from the terminals of the converter must be finite.

As the filter dynamics are now virtual rather than real, this presents two opportunities. Firstly,
some methods use the design of this filter to control power sharing, droop, and other converter
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behaviors. For this reason, software control of this parameter can be more useful than changing
the actual hardware values. Most causal filter models can be used independent of the actual
hardware [12]. As a side benefit, the simulated filter impedance will be accurately known for
analysis, which is not always the case with hardware systems. This idea similarly extends to
three-phase systems, including unbalanced or nonlinear three-phase.

3.4 Adaptation of DZO control to current-controlled inverters

DZO control can be adapted to current-controlled inverters by the method developed in Section
3.1-3.3. As Figure 9 illustrates, the DZO command voltage V; is used with the voltage measured at
the grid terminal to calculate I}, which is both sent to the current-controlled inverter as a control
signal and fed back into the DZO model to determine the value of V/ at the next time-step.

Figure 9: For DZO control of a current-controlled inverter the reference current I7, rather than
measured current I, is the feedback signal. I is computed by calculating the current F,(V/ —Vg),
Where F) represents a simulated output impedance. For an ideal current source, I and Ip are
identical.

As implied by Figure 9, the output current of the current-controlled inverter depends on the
virtual output impedance F!, rather than the physical output impedance Fy. As a consequence,
the load-sharing results that were achieved by altering Fs in [8] can be replicated by tuning F?
in the case of current-controlled inverters, rather than by physically changing the inverter output
impedances.

4 DZO Control Implementation with Parallel Three-Phase Current-
Controlled Inverters

A hardware test bed was designed and constructed as a platform for demonstrating the appli-
cation of voltage-source algorithms to current-controlled converters as developed in Section 3, and
validating DZO control for three-phase systems. This is the first hardware implementation of DZO
control either in a three phase system or with current-controlled inverters, so its performance under
a single set of control parameters is evaluated.
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4.1 Test bed overview

The three-phase testbed consists of three current-controlled inverter units connected in parallel
to a wye-connected resistive load. Figure 10 shows one inverter unit connected to the load, and
displays the core functional elements of the unit. Figure 11 shows the full test bed. Figure 12
displays a mechanism for applying step-changes to the system load.

To Inverter Units 2 and 3
Relay ; ;
W'a’ / : L |
\6/PWR Current_ L ZZQ
oV Controlled Y"1 /
Inverter L
L AN / A
i P
_
J - VDR/LF|
Controller _
ADC
I'en
I'g ADC
REF
_L —

Figure 10: One three-phase, current-controlled inverter unit coupled to a wye-connected load. The
inverter’s control signal reference and its negative DC rail are isolated. The negative DC power
rail of each inverter floats in isolation. Each inverter unit’s controller reads Vg 4 and Vg g, the
load voltages on phases A and B. Additional inverter units are connected in parallel to the load for
synchronization testing.

Each inverter is powered by a floating 60V DC power source. The inverter units are sized to the
current ratings of the inverters, which enforce a protective limit of 25A on per-phase output current.
The control parameters of each inverter are tuned so that the steady-state per-phase output current
amplitude of one inverter coupled alone to a three-phase, 2.2 €2 load is approximately 2A peak-to-
peak, corresponding to a power output of approximately 13.2 W. The signal and power circuits of
each inverter are isolated from one another. The inverter’s control signal circuit and the controller
itself are both grounded to the system neutral line, which is earth-grounded. A 24V DC power
source powers each unit’s controller and inverter-cooling fan, and serves as the driving source for
the power relay that connects and disconnects the inverter unit from the system.

4.2 Interface board design

An interface board streamlines and reinforces system interconnections between the controller,
inverter, and power lines of each inverter unit. Its functions include 1) controller protection, 2)
noise filtering, and 3) remote inverter connection/disconnection. The interface board is shown in
Figure 14b, and its basic functions are outlined in brief below:
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Figure 11: The testbed comprises three inverter units connected in parallel to a wye-connected
three-phase load, shown in the center of the picture on the lower shelf adjacent to the inverter
modules. DC power sources are on the upper shelf, providing power to the inverter subunits.

Figure 12: The testbed’s wye-connected load includes a hand-thrown switch that allows the resis-
tance of the load to be quickly changed. The open-switch phase resistance of the load is 2.2 2 and
the closed-switch resistance is 0.733 €.
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4.2.1 Voltage measurement

The controller samples Vi 4 and Vg B, each at a rate of 10kHz. A low-pass filter was necessary to
ensure the stability of the controller dynamics in the presence of switching noise. A combined low-
pass filter and voltage divider, illustrated topologically in Figure 13, was designed to scale system
voltages to within the range of the controller’s analog-to-digital ports and to attenuate switching
noise.

+ 130 kQ

v
Sys | +
— ; _E Vread

SokQ 147 nF

Figure 13: A combined voltage-divider and low-pass filter scales system voltages down to levels
within the controller’s range and filter channel noise and switching harmonics

The purpose of the voltage divider is to ensure that the entire range of possible system voltages
are scaled down to within the measurement range of the controller. In this test bed, the measure-
ment range of the controller is £10V. Thus, the purpose of the voltage divider is to scale Viys maz,
the maximum possible system voltage, such that (17) is satisfied. If an overhead margin of 25% is
imposed on the £10V measurement range, then we have

’V;”ead,max’ = ‘/sys,maa:}h]j_LR%] < 7.5V (17)

Where Vs is the system voltage being measured and V,...q is the value of the system voltage

after being scaled by the voltage divider comprising Ry, and Ry. Viysmas is calculated for the

case in which the controller and the negative DC rail of the inverter are grounded together, and

the three-phase neutral line is isolated. The controller measures the voltage difference between the

phases of the system load and ground, so to size the voltage divider appropriately Vi, is set equal
to the maximum phase-to-ground voltage.

The phase-to-ground voltage is equal to Vj,, + V4, the sum of the phase-to-neutral and neutral-
to-ground voltages. It follows, if V},, and V;,4 are assumed to vary independently, that

Veys,maz = max(Vp,) + max(Vy) (18)

The inverter DC rail voltage Vpc is the maximum line-to-line voltage that can be imposed on
the load, so max (V,,) = Vpc/v/3 if balanced three-phase voltages are assumed. The maximum
value of V4 is equal to Vpc due to the common-mode voltage of a switched three-phase inverter.
Thus,

‘/ssmaac:v mazx 1+ — 19
vemoz = Voo (1+ ) (19)
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Some bound must be placed on Vpeo because if the voltage divider is designed to scale arbi-
trarily large voltages down to within an acceptable range for the controller then system voltages
of interest will be scaled down too much to be effectively resolved. As such, the voltage divider is
sized for 60V < Vpo < 80V.

If we set Vpc = 80V and substitute Viys mar into (17), then we have

Ry

——  ~0.059 20
R+ Ry (20)

Although any values of Ry, and Ry that satisfy (20) would scale the system voltage appropri-
ately, selecting very high resistances relative to the system load results in less of a loading effect
on the system by the voltage divider. To that end, Ry and Ry are chosen to have resistances of
8.2k and 132k(), respectively.

Grid
Interface :,—.
Ports

(Screw :
Terminal) :

w
:
1

(b) Completed In-
terface board

(a) Interface board Schematic

Figure 14: Realization of an interface board for the DZO hardware test bed. a) Interface board
schematic highlights the main functional blocks of the inverter. The un-indicated components to
the right of the Relay Actuators are low-pass filters for the control signals and are not in use, b) A
completed interface board with three voltage-divider /low-pass filter channels for reading the voltage
on each phase of the inverter it controls. This interface board is fitted with several silicon-controlled
relays so that it can actuate not only its own power relays but also those of other inverter units.

As is displayed in Figure 15a, the primary noise frequencies of the test bed are 56.5kH z and
113k H z. This channel noise was found to cause instability in the operation of a three-phase current-
controlled inverter under DZO control. The purpose of the low-pass filter is to attenuate this channel
noise in order to enable the stable operation of inverters under DZO control. The voltage divider
circuit is modified to include first-order low-pass characteristics by adding a capacitor in parallel
with Ry, as is displayed in Figure 13. The gain and phase-delay characteristics of the low-pass
filter are shown in Figures 15b and 15c for a filter capacitance value of 1.47nF.
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Channel Noise Capture During
Three-Phase Inverter Operation Under DZO Control
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(a) The two primary noise frequencies in the testbed occur at 56.5 kHz and 113 kHz. The operation of
switched inverters creates noise at frequencies that are harmonically related to the switching frequency.

LPF Frequency-Delay Characteristic with
R, =8.2kQ, R =130k, C=1.47nF

LPF Frequency-Gain Characteristic with
R, =8.2kQ, R =130k, C=1.47nF
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(b) Signals at the frequency of DZO
oscillation (60Hz) are in the passband of
the LPF and the lowest-frequency, most
significant noise signal at 56.5 kHz is
attenuated by approximately 28.4 dB

(¢) The phase delay imparted to a 60Hz
signal by the LPF as designed is 0.004275
radians, corresponding to a time-delay of
approximately 11.3 us for a 60Hz sinusoid.
System stability with this amount of delay

in the voltage measurement was confirmed
in simulation before implementing the LPF
in hardware.

Figure 15: A first-order low-pass filter

4.2.2 Inverter on/off switching

Each inverter unit’s controller actuates a normally-open relay to connect the unit to the grid.
When the relay is open the controller holds the states of the simulated DZO, as well as I }: 4 and [ }; B
at zero to prevent current loop saturation. Each interface board includes several silicon-controlled
relays to allow the controller to actuate large relays whose coil requirements exceed its driving
capacity.

4.2.3 Controller multi-compatibility

The interface board is designed to be compatible with two different controllers, so that the design of
additional inverter units for the test bed can be scaled sensibly to match performance requirements.
The board can be prepared for use with either controller by scraping 3-5 traces off the board.
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5 Experimental Results

This section demonstrates two concepts. The first is the synchronization of parallel-connected
inverters, and the second is the ability to dynamically control load-sharing between inverters. As
developed in Section 3.4, the power output of any current-controlled inverter under DZO control
can be modified by changing the virtual output impedance used to compute its output current.
This demonstration also serves as a first hardware validation for DZO control of power systems
comprising three-phase, current-controlled inverters.

5.1 Inverter Synchronization

The ability of an inverter under DZO control to synchronize with a network of inverters upon
connection is demonstrated. Current measurements for each phase of each inverter are displayed
in Figures 16a and 16b. Notable features of this process include: a) Current spike approximately
10ms after the synchronizing inverter is connected, reaching a maximum of 4.64A on one phase.
b) Out-of-phase oscillation from 10ms-200ms after connection. ¢) Low-amplitude oscillation of the
synchronizing inverter from 200ms-250ms. d) Convergence to full-amplitude, in-phase oscillation
after 250ms.

5.2 Inverter load-sharing control through manipulation of virtual output impedance

The virtual output impedance of an inverter can be manipulated during operation to change
that inverter’s share of the load. In the test demonstrated by Figure 17a, both inverters oscillate
in steady-state synchronization with identical virtual output impedances (Z5; = Z},) until ks is
doubled at time 0, increasing |Z},| to twice |Zj,|. After ks is doubled, the ‘output currents I Pl
(Red) and Ip3 (Green) continue to oscillate in phase but |IF2| is approximately half of |/ ;|. This
observation is consistent with the expectation developed in (9). The opposite process, in which ko
is halved rather than doubled, is shown to also yield the expected results in Figure 17b, with |/f ]
increasing to approximately twice |1/

5.3 Response of inverters to a step-change in load

The stability through rapid step-changes in load of parallel-connected, current-controlled inverters
under DZO control was assessed by switching the load resistance from 2.2 Q to 0.733 © (66%
decrease) on each phase while two inverters were oscillating in steady-state synchronization. In
Figure 18a, two synchronized inverters with equal load share (Z, = Z,) are subjected to the
load change. Figure 18b shows the same step change in load resistance ai)plied to inverters with
unequal sharing (Z}, = 2Z},) such that the load-share of the first inverter (Red) is half that
of the second inverter (Greenj. It can be seen for both tests in that the inverter output currents
maintain both their relative amplitudes and their phase synchronization during a step change in
load resistance from 2.2 €2 to 0.733 €.
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(b) Current-source inverter synchronizes when connected to two already-synchronized inverters.

Figure 16: Two test cases demonstrate the effectiveness of DZO control in synchronizing three-phase
current-controlled inverters.
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Figure 17: Three phase test cases demonstrate the ability to control load sharing between two
different inverters by changing the virtual output impedance of one of them.
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(a) Inverters with equal power sharing (b) Inverters with unequal power sharing

Figure 18: Two synchronized inverters, with both equal and unequal load-sharing, maintain their
behavior through a step increase in load. Load resistance changes from 2.2 Q to 0.733 Q
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6 Conclusions

An approach to power electronic converter control that bridges the gap between voltage-source
and current-controlled converter applications was formulated and validated experimentally by the
implementation of Dead-Zone Oscillator control with current-controlled inverters. DZO control was
experimentally validated for the first time in a three-phase grid and with current-controlled invert-
ers. The unique ability of current-controlled inverters to tune their effective output impedances
was demonstrated, and one potential advantage associated with this ability was demonstrated by
dynamically changing the load-share of parallel-connected current-controlled inverters during op-
eration. The robustness of DZO control to a 66% step-change in load was also demonstrated, both
with equal and unequal load-sharing configurations. These results will facilitate the deployment
of DZO control, both by extending it to three-phase, current-controlled inverter networks and by
demonstrating a previously unexplored method of controlling inverter load-sharing.
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